Abstract: Random quasi-phase-matching is a nonlinear scheme for three-wave mixing in transparent ceramics of non-centrosymmetric cubic materials. This process is controlled by the grain-size distribution of the ceramic and the nonlinear conversion efficiency is maximized when the average grain-size matches the coherence length. In this work, solidstate grain-coarsening is used to fabricate ZnSe ceramics with a desired grain-size. The effect of heat-treatment atmospheres (excess selenium vapor, zinc vapor or vacuum) on the grainsize distribution is investigated at 850°C and 1000°C and as a function of the heat-treatment time. The effect of these grain-size distributions on the efficiency of second-harmonic generation process by random quasi-phase-matching is analyzed theoretically.
Introduction
Three-wave mixing in nonlinear materials is a convenient way to generate new optical frequencies from common laser sources. Birefringent single-crystals are the most commonly used media for this process, but index dispersion limits their conversion efficiency unless the phase matching conditions are satisfied -by exploiting the birefringence phenomenon through angular orientation and proper temperature tuning. In the past two decades, the development of quasi-phase-matching (QPM) techniques involving periodically-poled, diffusion bonded [1, 2] or epitaxially-grown materials, such as periodically-poled LiNbO 3 (PPLN) [3] [4] [5] , orientation-patterned GaAs (OPGaAs) [6, 7] or GaP (OPGaP) [8] [9] [10] , have been extensively studied to alleviate this issue. The inversion of the sign of the nonlinear coefficient eliminates destructive interferences and allows the generated intensity to grow quadratically with the sample thickness. However, the techniques used to periodically flip the crystalline orientation remain fairly elaborate [11] [12] [13] . A third alternative consists of using transparent polycrystalline aggregates (ceramics) of non-centrosymmetric cubic materials. Despite the lack of long range order, these materials can serve as efficient nonlinear frequency converters by way of the random quasi-phase-matching (rQPM) process [14] [15] [16] . These process has been extensively studied both theoretically [17, 18] and experimentally [19, 20] . In these ceramics, the randomly-oriented crystallites all contribute to the nonlinear conversion process but with random phases and yet, the total contribution to the generated field is nonzero. Nonlinear conversion efficiency is maximized when the average grain-size of the ceramic is equal to the coherence length ( / coh L k π = Δ ) for the wavelengths of tolerance to both propagation angle and temperature when compared to ordered crystals. With large second order susceptibility coefficients, small group velocity dispersion and wide transmission window from 0.45 to 21 µm, zinc selenide (ZnSe, cubic space group 43 F m ) is ideal for accessing the MWIR and LWIR parts of the spectrum through rQPM nonlinear interaction [14] [15] [16] . The commercial availability of low-loss (bulk absorption coefficient at 10.6 µm is less than 0.0005 cm −1 ) polycrystalline ZnSe infrared optics produced by chemical vapor deposition (CVD) [23, 24] is yet another compelling factor for its use in rQPM devices [14, 16] .
This paper investigates heat-treatment conditions necessary to develop adequate microstructures for rQPM in CVD-grown ZnSe ceramics. Solid-state grain-coarsening of CVD-grown ceramics limits contamination from impurities compared to melt-or solutiongrown crystals and hot-pressed ceramics. It also prevents the formation of scattering centers due to stress-induced birefringence and to the presence of hexagonal ZnSe when carried out below the sphalerite-wurtzite transition temperature at 1425°C. This study builds upon the previous work by K. Terashima et al. [25] [26] [27] , R. Triboulet et al. [28] [29] [30] [31] [32] and Q. Ru et al. [15, 16] in which heat-treatments were performed on CVD-grown ZnSe for the production of single-crystals and ceramics with controlled microstructure. Here, the effects of heattreatment atmosphere [33] on the average grain-size and grain-size distribution are more specifically investigated and the experimentally-determined grain-size distributions are used to predict the rQPM efficiency of second-harmonic (SH) generation at an incident pumping wavelength of 4.7 µm and SH at 2.35 µm.
Experimental
Polycrystalline coupons of CVD-grown ZnSe (II-VI Inc., USA) with an average grain size of 75 µm were used as a starting material. Cubic samples measuring 5x5x5 mm 3 were diced from these coupons and all faces were mechanically polished so that grain-growth would not be suppressed [34] . Samples were annealed at 850 or 1000°C for 6 to 168 h in a vacuum, or in a saturated vapor pressure of zinc or selenium vapor. These vapors were produced by either placing fine zinc shots (Atomergic Chemetals Corp.) or selenium granules (United Mineral & Chemical Corp.) in a small boat next to the sample before sealing the quartz ampoule in which the treatment was performed. Ampoules were sealed off at a pressure of 3.4x10 −6 atm. The microstructure of polished ZnSe was inspected by polarized optical microscopy after a 15 min chemical etch in a 30 mol% NaOH solution held at 95°C. The grain-size was determined by the line intercept method using the Image J software (National Institutes of Health). Grain-size distributions were obtained using a minimum of 1000 grains. Laser scattering tomography was used to check the precipitate after solid-state graincoarsening [35] [36] [37] . Optical transmission was measured using an ultraviolet-visible-near infrared (UV-VIS-NIR) spectrometer (Cary 500, Varian Inc., CA, USA) and the midinfrared transmission spectra were acquired on a FT-IR spectrophotometer (Nicolet 6700, Thermo Scientific). Figure 1 shows the microstructures of ZnSe ceramics obtained before and after annealing under vacuum, Zn and Se vapors. As noticed previously [25, 32] , annealing in selenium vapor leads to the development of a coarser microstructure than in a zinc vapor or vacuum. Twining is present in all cases, even in the starting material. There is no significant difference in the amount of twins before and after grain-coarsening. The average grain-size as a function of annealing time is represented in Fig. 2 for different values of the temperature and atmosphere conditions. The error bars represent the 95% confidence interval for the population mean, calculated according to:
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where x and x s are the mean value and standard deviation of the sampled data set, respectively. With a grain population N = 1000, the significance level is α = (1-0.95)/2. The grain-growth kinetics is expected to follow a typical grain-growth model [38] :
where d(t) is the average grain-size at time t, k a temperature-dependent factor and m the grain-growth exponent, with a value between 2 and 4. The fit to Eq. (2) yields m = 3 for a heat-treatment in Se vapor at 850°C, and m = 6 in the cases of Zn vapor and vacuum at the same temperature. In addition, it was found that the grain-growth exponent in Se atmosphere remains the same at 1000°C. In these conditions, crystallites as large as 1.5 mm can be obtained after 168 h of dwell time. Vapor transport equilibration affects the sample stoichiometry thereby modifies the diffusion rate of species and the mobility of grainboundaries. The large grain-growth exponent found for the heat-treatment in vacuum and zinc vapor suggest the presence of low-solubility precipitates that pin the grain-boundaries. This fact is supported by the high density of scattering centers revealed by laser scattering tomography in those latter samples (Fig. 3) . This in accordance with the Zn-Se phase diagram published by I. Avetissov et al. [39] showing that the solid-solubility limit of Zn is ten times lower (~10 −5 mol of Zn per mole of ZnSe) than that of selenium in zincblende ZnSe at 850°C. It is also noteworthy that the heat-treatment in selenium vapor reduces the density of native scatters in CVD-grown samples, which suggests that the starting material may actually be zinc-rich. Based on the data from Fig. 2(b) , one can calculate the activation energy for grain-growth in presence of selenium partial pressure using:
where 0 k is the pre-exponential constant of the diffusion coefficient, E a the activation energy for grain-growth, T the absolute temperature and R the perfect gas constant. Using the grainsize data over the temperature range, an Arrhenius plot of Fig. 4 shows a mean activation energy value of a E = 19.7 kJ/mol, similar to that reported by R. Triboulet et al. [32] . The coefficient of variation (CV) for the activation energy, defined as the standard deviation divided by the mean, is 7%, showing consistency within this data set. As the annealing time increases, the offset of the Arrhenius plot, ln(k 0 ), converges towards a single value suggesting that diffusion-driven grain-boundary mobility reaches an equilibrium across the entire sample size for long annealing times. To analyze the effect of heat-treatment conditions on the grain-size distribution, we performed a comparison between heat-treated samples with the same average grain-size. This average grain-size was chosen to be 100 µm, i.e. a size optimized for MWIR random quasiphase matched second harmonic generation at an incident pumping wavelength of 4.7 µm and SH at 2.35 µm. In a selenium atmosphere, 100 µm average grain-size is obtained after annealing at 850°C for 12 h. Conversely, a 168 h-long heat-treatment is necessary under vacuum or in a zinc atmosphere at the same temperature. Grain-size histograms (Fig. 5) were built using the Freedman-Diaconis rule to determine the binning size for data sets of N = 1000 grains, according to:
where IRQ is the interquartile range of the data. These size histograms can be fitted to a lognormal distribution [40] :
where d is the lognormally-distributed grain size, and α and β the mean and standard deviation of the logarithm of the grain size, respectively. The mean μ and standard deviation σ of the grain-size are respectively defined by: Figure 5 shows that, regardless of the stoichiometry shift, the size-distribution remains lognormal with a similar standard deviation value. Therefore, the excess of selenium only favors a faster grain-growth compared to stoichiometric and zinc-rich ZnSe. It is worth noting that the off-stoichiometry defects introduced by heat-treatment in the presence of selenium deteriorate the transmittance of the samples in the near-infrared (Fig.  6) . However, the color centers can be removed by a subsequent post-treatment at 700°C for 2 h in a vacuum. This short heat-treatment does not affect the average grain-size nor its distribution, and restores the transmittance to the level of the original CVD material (Fig. 6) . Fig. 6 . Transmittance spectra of the starting CVD polycrystalline ZnSe, of a 12h-annealed sample in selenium vapor and of a 12h-annealed sample in selenium vapor consequently treated at 700°C for 2 h in a vacuum.
Effect of grain-size distribution on SHG efficiency
Random quasi-phase-matched second harmonic generation can be simply modeled using a one-dimensional (1D) layered structure along which light propagates and composed of grains with random crystalline orientations and thicknesses (Fig. 7) . The refractive index and dispersion are assumed to be the same for all grains. One can show that, within the r th grain, the electric field amplitude at frequency 2ω generated by the fundamental field is [21] : The random orientation of the grains implies that the normalized component of the nonlinear polarization in the direction of the incident electric field ranges from 1 to −1. To implement this numerically, we used a random number generation algorithm so that and the relative conversion efficiency is:
)
For a given average grain-size, the effect of size-distribution on the conversion efficiency can be best determined using a Monte Carlo simulation [21] . Figure 8 shows the simulation results for a SHG process in polycrystalline ZnSe pumped at a wavelength λ = 4.7 µm at which the coherence length is 100 µm. In this figure, three cases are compared: (i) an ideal sample with a monodisperse grain-size of 100 µm, (ii) a sample having undergone graingrowth in selenium vapor with a size-distribution given by Fig. 5b (μ = 102 μm and σ = 30 μm) and (iii) the original CVD-grown ZnSe with 75 µm average grain-size (Fig. 5a ). As expected, the conversion efficiency scales linearly with the number of grains, and the narrow grain-size distribution yields a higher conversion efficiency. The conversion efficiency of a selenium-treated sample reaches 83% of that of an ideal monodisperse microstructure and performs 62% better than an untreated CVD-grown ceramic. 
Conclusion
Solid-state grain-coarsening treatments of CVD polycrystalline ZnSe can be used to match the grain-size of this nonlinear material to the coherence length of a mid-IR pump. We have shown that the use of non-stoichiometric grain-growth heat-treatments allow for the control of the speed of the process and of the final grain-size distribution. When exposed to selenium vapor at 850°C, a faster homogeneous grain-growth could be obtained compared to treatments in a Zn vapor or a vacuum. We have quantified the effect of grain-size distribution in the process of random quasi-phase-matching and shown that the conversion efficiency scales linearly with the number of grains and a narrow grain-size distribution yields a higher conversion efficiency. Our Monte-Carlo simulations show that, for particular pumping conditions in the mid-infrared, the conversion efficiency of a selenium-treated sample could reach 83% of that of an ideal monodisperse microstructure and perform 62% better than an untreated CVD-grown ceramic.
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